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Abstract 
 
IMPACT OF SELF-FERTILIZATION ON FECUNDITY, THE TIMING OF 
REPRODUCTION, AND POPULATION GENETIC STRUCTURE:   
IS A MATE WORTH THE WAIT? 
 
By Serena Angelina Caplins, B.S. 
A thesis submitted in partial fulfillment of the requirements for the degree of Master of 
Science in Biology at Virginia Commonwealth University. 
 
Virginia Commonwealth University, 2013 
 
Major Advisor:  J.M. Turbeville 
Associate Professor, Department of Biology 
 
Organisms capable of self-fertilization typically exhibit two evolutionary syndromes 
uniting high inbreeding depression with low levels of selfing, or low inbreeding depression and 
high levels of selfing. This study tests for inbreeding depression in an apparent self-compatible, 
hermaphroditic marine nemertean worm, Prosorhochmus americanus. Fecundity and timing to first 
reproduction were assessed in isolated and paired worms. Isolated worms produced significantly 
more offspring than paired worms and did not show inbreeding avoidance.  The selfing rate of 
natural populations was evaluated using species-specific microsatellites and is consistent with 
preferential selfing (mean: 0.801), though some outcrossing appears to take place. Population 
genetic structure indicates populations are disjunct and characterized by low levels of gene flow. 
 3 
 
Our results reveal P. americanus exhibits an interesting suite of life-history traits, uniting high 
dispersal potential through self-fertilization and high fecundity, with the lack of a dispersive larval 
stage and low levels of gene flow. 
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Introduction 
 
Reproduction is a critical stage in the life history of any organism, with 
reproductive success determining the survival of individual lineages and impacting long-
term persistence of populations. Thus, the decision of when and with whom to reproduce is 
one not made lightly. In cases where potential mates may be few or of low quality, the 
ability to reproduce without cross-fertilization (e.g., selfing, parthenogenesis, fission) can 
be highly advantageous in terms of reproductive assurance and colonization ability, but 
may also pose tradeoffs, namely to genetic diversity, adaptive ability, and effective 
recombination (in selfing organisms) (Charlesworth and Charlesworth 1987; Schuelke 
2000; Morrell et. al. 2005). Understanding the circumstances under which plants and 
animals reproduce by different modes may illuminate factors driving their evolution.  
Following the theoretical predictions of Wells (1979), organisms that have evolved 
the ability to both self-fertilize and cross-fertilize exhibit a U-shaped bimodality in the 
dominance of either reproductive mode, suggesting that obligate selfing and obligate 
outcrossing are stable states and mixed-reproduction (selfing rate between 0.2 and 0.8) is a 
temporary condition (Jarne and Auld 2006). Although, more taxa appear be intermediate 
than previously thought (Escobar et. al. 2007). This bimodality may be a result of 
divergent selection on the selfing rate in coevolution with inbreeding depression to form 
two evolutionary syndromes consisting of a high-selfing rate and low inbreeding 
depression, and low-selfing rate with high inbreeding depression (Escobar et. al. 2007). 
The likelihood of a species approaching either stable state depends on the history of its 
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population structure as well as the number of genes contributing to the evolution of selfing 
(Jarne and Auld 2006), although it has been modeled that just a single gene for self-
compatibility is sufficient to increase the frequency of selfing in a finite population, 
regardless of the environment, if inbreeding is low or zero (Wells 1979). 
Inbreeding depression results when closely related individuals produce offspring 
that are less fit than their cross-fertilized counterparts, due to increased homozygosity and 
deleterious recessive alleles (Charlesworth and Charlesworth 2009; Charnov 1982) and is 
typically associated with inbreeding avoidance (Escobar et. al. 2011). Selfing is the most 
extreme form of inbreeding but is not always associated with inbreeding depression or 
avoidance, and for some taxa (e.g., some vascular plants and snails), selfing is the primary 
mode of reproduction (e.g., freshwater snail Lymnaea truncatula, Trouve et. al. 2003; 
Hutchison and Templeton 2012). Primary selfing is expected to be expressed by organisms 
that experience frequent decreases in population size (e.g., bottlenecks, founder effects), 
which would aid in purging deleterious recessive alleles (the genetic load), through higher 
levels of inbreeding than in large outcrossing populations (Lande and Schemske 1996; 
Charlesworth and Willis 2009).  
When inbreeding depression is high and the selfing rate low, the time to first 
reproduction for isolated organisms is predicted to show a delay compared to organisms in 
the presence of potential mates (Tsitrone et. al. 2012). Delayed selfing or inbreeding 
avoidance has been documented in many plant species (Lloyd 1992; Goodwillie et. al. 
2005) as well as a few invertebrates (e.g., snails, Wethington and Dillon 2011; Tsitrone et. 
al. 2012, Escobar et. al. 2011). Conversely, organisms with a high selfing rate and low 
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inbreeding depression are expected to reproduce as soon as they become sexually mature 
with no delay regardless of mate availability (Escobar et. al. 2011). The time to first 
reproduction can thus be used to estimate the presence of inbreeding depression. 
Inbreeding causes an increase in homozygosity, the extent of which can be used to 
assess the degree of contemporary inbreeding (occurring with the last few generations). 
Theoretical simulations suggest that in populations with an inbreeding depression less than 
0.5 (indicating a 50% reduction in fitness due to selfing), selfing will be favored due to the 
“cost of outbreeding” and will spread throughout the population (Smith 1978; 
Charlesworth and Charlesworth 1987). The level of inbreeding can vary across populations 
of the same species due to effective population size, ecological conditions, and life history 
(Trouve et. al. 2003). In benthic marine invertebrates, genetic diversity and population 
genetic structure is closely tied to life history traits (e.g., mating system, fecundity), mode 
of dispersal, and dispersal patterns (Barbosa et. al. 2013; Grosberg and Cunningham 2001), 
Surprisingly, some of the most widely distributed marine invertebrates lack a dispersive 
larval stage and adults are benthic (e.g., the snail Littlorina saxatilis; the echinoderm 
Parvulastra exigua; Barbosa et. al. 2012) and show fine scale genetic structure (Barbosa 
et. al. 2013). Founder effects and inbreeding likely contribute largely to genetic structure in 
these species (Barbosa et. al. 2013; Avise 2000). 
The nemertean worm Prosorhochmus americanus is viviparous, simultaneously 
hermaphroditic, and juveniles are produced asynchronously (Gibson et. al. 1986). 
Individuals can be relatively abundant and are widely distributed in hard-bottom habitats 
of the marine intertidal zone along the coast of the southeastern US (Turbeville and 
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Caplins 2010). Adults are benthic and brooded offspring are direct developers that emerge 
via anal parturition. Laboratory observations have shown that this species is able to 
reproduce without cross-fertilizing (personal observations, i.e., juvenile worms were 
removed within 24h of emerging from adults, raised in isolation and monitored for 
development of offspring).  However, under natural conditions these worms are typically 
found in tight aggregations, and have been observed to secrete mucous tubes around 
themselves (personal observations), behaviors similar to those of nemerteans engaged in 
gamete transfer (Thiel and Junoy 2006). It is unknown whether this species preferentially 
cross-fertilizes or selfs.  
Inbreeding depression was assessed in P. americanus by examining the effect of 
mate availability on fecundity and the timing of first reproduction. An estimate of the 
degree of self-fertilization over several generations was determined by calculating the 
fixation index (FIS) and selfing rate for multiple populations sampled at intervals along the 
range of their distribution. Population genetic structure was considered in the context of 
the combination of life-history traits present in this species. In addition, the allocation of 
resources between individual growth and the number of offspring produced was reported. 
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Materials and Methods 
Collection sites 
Populations of P. americanus were collected from hard-bottom habitats in the 
intertidal zone along the eastern coast of the United States. Because there are few natural 
hard-bottom habitats in this region, P. americanus is typically collected from human 
constructed erosion protection devices, such as rock jetties and rock groins. All live 
animals for the fecundity and time to reproduction experiments were collected from the 
north rock jetty at Rudee Inlet, Virginia Beach, Virginia (36º49’49”N, 75°58’06”W). 
Individuals of P. americanus were collected in late January and early February 2011 
following previously established collecting methods (Turbeville and Caplins 2010). 
Individuals from nine locations between Virginia and northern Florida were collected in 
May - July 2012 for population genetic surveys (Table 1).  
Nucleic acid extraction 
DNA was extracted from the region anterior to the brain of adults, avoiding gonads 
or intestinal diverticula, or from entire juveniles, which were preserved within 24 hrs of 
emergence from adults and never allowed to feed. All DNA extractions were performed 
with the QIAamp DNA Mini Kit (Qiagen).   
Fecundity and time to first reproduction 
The effect of mate availability on fecundity was examined by raising adult P. 
americanus in isolation (n = 40) and in pairs (n = 80; 40 replicates per treatment). Juvenile 
worms (pre-gonadal formation) were raised in isolation (n = 14) and in pairs (n = 28; 14 
replicates per treatment) to test the effect of mate availability on the timing of first 
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reproduction. Offspring viability was examined for offspring produced by isolated (n = 7) 
or paired (n = 10) worms in the adult experiment. Offspring were removed within 24 h of 
emergence, raised in isolation, and monitored for the timing of first reproduction and 
development of offspring. Nemerteans were held in small petri dishes (100 mm x 15 mm) 
filled with artificial sea water (30 ppt) and were kept in a floor-incubator (Innova 4200, 
New Brunswick Scientific), connected to a timed lighting system (12 h light/12 h dark), 
and maintained at room temperature (24-25°C). Water changes occurred twice a week. 
Nemerteans were fed the amphipod crustacean Corophium cf. insidiosum (1-2 amphipods 
nemertean
-1
) once weekly. Amphipods were cultured on site and care was taken to give the 
same number of amphipods to each worm. Amphipods were collected throughout the 
spring and summer months to renew the cultures. The size of the amphipods was carefully 
monitored and only amphipods of approximately the same size were given to the worms.  
Juveniles were selected based on the absence of gonads, which when present can be 
seen through the body wall (Figure 1, 2). Likewise, adults were selected for the presence of 
gonads, gametes, or embryos and juveniles. At the beginning of the study, the length of 
each worm was measured and the worms were divided into three groups with the range in 
worm length represented equally in each group. Worms in one of the three groups were 
raised in isolation and worms from the other two groups were randomly paired (using 
arbitrarily assigned numbers and a random number generator) and raised together. The 
measurement of worms and assignment into subsequent groups and pairs was performed in 
the same way for both the adult and juvenile treatments. Measurements were obtained by 
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positioning an actively crawling worm held in a salt water-filled petri dish over a plastic 
ruler.  
The initial number of embryos and developing juveniles contained within each 
adult worm was determined prior to the beginning of the experiment, because these 
offspring were the product of mating events that occurred in the field prior to the study. To 
count offspring the worms were relaxed in MgCl2 (isotonic to seawater, 30 ppt), placed on 
a microscope slide, compressed with a coverslip and viewed with a Nikon E-600 
compound microscope. 
Each dish containing an isolated worm or paired worm was checked for offspring 
emergence approximately every 24 h. Newly emerged offspring were measured with the 
use of a stereoscope while they were actively crawling in a petri dish positioned over a 
plastic ruler. Newly emerged juveniles were preserved in RNAlater (Ambion) for future 
molecular work.  
The lengths of worms in the adult experiment were measured every three weeks; 
while the lengths of worms in the juvenile experiment were measured weekly. At the end 
of the study, worms were relaxed with MgCl2, compressed with a cover slip, and examined 
under a stereomicroscope to enumerate developing offspring that had yet to emerge. The 
count was added to the total number of offspring produced during the study. At the end of 
the study all individuals were preserved in RNAlater (Ambion, Inc) for molecular work. 
Statistical analyses  
A multiple linear regression model was performed according to the following: Yij =  
β0 + β1X + β2X  + β3X +  τ + εij,  εij ~ N(0,σε
2
), where the total number of juveniles 
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produced was the response variable (Y) against the predictors: change in adult length (β1), 
final adult length (β2), mean length of offspring (β3), and the categorical treatment 
conditions (isolated or paired; τ).  Initial adult length was highly correlated with the change 
in length (-0.85, Pearson’s correlation coefficient) and thus was excluded from the above 
model but analyzed in a separate regression analysis. All remaining predictors had a 
correlation coefficient less than ± 0.32. The response and each predictor variable were 
checked for linearity. Non-constant variance and a departure from normality was observed 
in the residuals through examination of plots of the absolute value of the studentized 
residuals against the predictors and a QQ plot, respectively, and were corrected by taking 
the reciprocal of the square root of the response variable.  
The individual measurements of adults as well as the tally of emerging juveniles 
obtained from paired worms were combined, and divided by two to provide a worm-by-
worm comparison of length and number of offspring produced, because in most cases the 
two worms could not be distinguished and the offspring could not be traced back to a 
single egg donor. A regression analysis was performed on the proportion of worms 
releasing offspring against the number of offspring released. The mean number of 
juveniles produced by isolated and paired worms in the juvenile experiment was evaluated 
with a t-test. The difference in timing of first reproduction was tested through a t-test on 
the mean proportion of worms producing eggs in the isolated and paired treatments. All 
statistical analyses were performed in the R environment v 2.14 (R Core Development 
Team 2012).  
Microsatellite development 
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Microsatellites were developed specifically for P. americanus through the isolation, 
enrichment, and cloning protocol (Glenn and Schable 2005) using DNA extracted from 16 
individuals from 3 populations (Rudee Inlet, VA; Oregon Inlet, NC; and Murells Inlet, SC) 
using the QIAamp DNA mini kit (Qiagen) and later pooled. The enrichment protocol is a 
modification of the hybridization capture approach (Hamilton et. al. 1999) and used 
biotinylated probes (oligos) to bind to repeating units in PCR products to later build 
microsatellite enriched genomic libraries. Successfully cloned inserts (PCR-4 Topo; 
Invitrogen) were selected and transferred to 96-well PCR plates containing 50 µl DNAase 
free H2O. Plates were heated at 95°C for five minutes to release the plasmid DNA from the 
cells. DNA templates were amplified by PCR using the forward primer 4-M13-20 and the 
reverse primer 4-M13-27 in 6 µl volume reactions composed of 3 µl RedTaq 
(SigmaAldrich), 2.4 µl DNA template, and 0.6 µl forward and reverse primer mix. 
Reactions were run according to the following thermal cycle protocol: Initial denaturation 
at 95° C for 5 min, followed by the cycle 94°C for 30 s, 55° C for 30 s, 72° C for 90 s 
repeated 30 times and followed by a final extension phase at 72° C for 60 s and then held 
at 4°C. PCR products were examined for successful amplification through gel 
electrophoresis on 10% agarose gels which were subsequently stained with ethidium 
bromide and visualized under a UV lamp. A single band indicated successful amplification 
and these PCR products were treated with ExoSAP-IT (Affymetrix) prior to being 
sequenced and later scanned for microsatellites. 
Additional microsatellites were developed by next generation sequencing 
technology (Illumina MiSeq, paired reads) using DNA from a single juvenile worm having 
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recently emerged from an adult and having never fed. Read assembly was performed in the 
program Velvet (Zerbino and Birney 2008) and the Genomics Workbench (CLCBio). 
Contig number and length as well as the number of putative microsatellites detected and 
their subsequent PCR amplification were compared for each assembly method.   
Microsatellite sequences were identified and primers designed using the platform-
independent program msatcommander (Faircloth 2008), which uses Primer3 as its primer 
design engine (Rozen and Skaletsky 2000). Thousands of putative microsatellites were 
identified in the next generation sequence data and thus microsatellites were selected for 
amplification if they were simple (or perfect) and at least 12 bp in length (e.g., minimum of 
4 repeats for a trinucleotide or 6 for a dinucleotide). Simple repeats are those containing 
only one tandem repeating unit that repeats unbroken by non-repeating nucleotides and are 
preferred to complex (or imperfect) motifs because their analysis is more straightforward 
and more likely to follow simple step-wise patterns of evolution (Evanno et. al. 2005; 
Guichoux et. al. 2011) Repeats that were very long (>20 repeats), or very common, were 
not selected due to potential errors or difficulties in assembly. Additionally, all forward 
primer-binding sites were searched for occurrence in the entire data set, and those binding 
sites that occurred more than once were not selected. Finally, microsatellites and their 
flanking regions were searched against the BLAST database for matches that might 
indicate contamination (e.g., bacterial or prey item), or proximity to a coding region; those 
identified were rejected. 
Primers designed in the flanking regions of microsatellites identified by 
msatcommander (from either the enrichment or next generation method) were tested for 
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amplification on either two individuals from the same population (Rudee Inlet, VA) or four 
individuals from four populations (Rudee Inlet, VA; Amelia, FL; Sullivans Island, SC; 
Murrells Inlet, SC). PCR reactions were performed in 6 µl volume PCR reactions that 
included 3 µl of Green Master Mix (Promega, Madison,WI, USA), 1.7 µl of water, 1 µl of 
DNA template and 0.3 µl of primer pair mix (forward and reverse, 5 µm). Initial annealing 
temperatures were selected based on the chemistry of the primers, with a temperature 3-5 
°C less than the average melting temperature of the forward and reverse primers being 
chosen. Multiple annealing temperatures were tested for microsatellites produced by the 
enrichment method and were altered (reduced or increased) if the amplification was 
unsuccessful (no amplification or non-specific amplification, respectively). Only a single 
annealing temperature (53°C) was used in the amplification of the next generation 
sequence data and was chosen because it was between 3-5 °C lower than the average of the 
melting temperatures of all forward and reverse primers. The following standard thermal 
cycling protocol was used: 94°C denaturation for 2 minutes followed by 50 cycles of 94 °C 
for 30 seconds, X°C for 30 seconds, and 60°C for 45 seconds, ending with an extension 
60°C for 3 minutes, where X indicates the annealing temperature.  
A three-primer system was used implemented for genotyping (Schuelke, 2000) 
which employs a standard non-tagged primer, a primer with a CAG-tag on the 5´ end 
(forward or reverse, depending on the sequence composition; Table 6), and a 
complementary CAG-tagged fluorophore (TEX, FAM, or HEX). Loci from separate PCR 
reactions were pseudo-multiplexed for genotyping with up to four loci pooled per sample. 
Every PCR amplification and genotyping run included two positive controls (same 
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individual amplified and genotyped separately) and two negative controls. Samples were 
re-amplified and re-genotyped if the controls were violated or if scoring of alleles was 
uncertain (e.g., due to stutter). Electropherograms were analyzed in Fragment Profiler v 1.2 
(Amersham Biosciences).  
Mendelian inheritance 
Each locus was examined for Mendelian inheritance by genotyping four randomly 
selected adult pairs from the fecundity study and up to 12 of their offspring. A locus was 
considered to not show Mendelian inheritance if offspring had a unique allele not present 
in either adult that was not likely due to genotype error. Genotype error was excluded as 
the cause of unique alleles if the allele was still present after two rounds of re-amplification 
and genotyping. 
Genetic data analyses 
 Allelic count, allelic count rarefied to the smallest population, and observed and 
expected heterozygosity (Nei 1987) were calculated at each locus for each population 
using the gstudio package in R. Wright’s F-statistic or inbreeding coefficient (FIS or f; 
Wright 1979), was calculated by subtracting from 1 the ratio of observed heterozygosity 
and expected heterozygosity (f = 1 – Ho/He) and provided an estimate of the degree of 
inbreeding versus outcrossing, where values approaching -1 indicated outcrossing 
(heterozygote excess) and values approaching 1 indicated inbreeding (homozygote excess). 
An inbreeding coefficient of 0 indicated genotype frequencies equal the Hardy-Weinberg 
expectation. The rate of self-fertilization (s) estimated average levels of selfing over 
several generations and can be derived from the inbreeding coefficient (f), as f = s/(2-s) 
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(Hedrick 1942). However, levels of homozygosity may be increased relative to HWE 
because of partial dominance, population substructure, or data artifacts (e.g., null alleles, 
genotyping error) and thus a measure of the inbreeding coefficient and selfing rate may be 
inflated (David et. al. 2007).  
 Null alleles are non-amplifiable alleles due to variation in primer binding sites, and 
in particular, can cause an increase in homozygosity, confounding estimates of the 
inbreeding coefficient. Alternatively, estimates of null alleles can be inflated by 
inbreeding. Thus, it is important to estimate null alleles while taking into account increased 
homozygosity due to inbreeding and vice versa. The program INEst was used to estimate 
the frequency of null alleles along with the inbreeding coefficient on single populations 
(Chybicki and Burczy 2009).  The individual inbreeding model was implemented here for 
all nine populations using the GIBBS sampler set to 10,000 iterations and default alpha and 
beta priors in INEst v 1.1 (Chybicki and Burczy 2009).  Inbreeding coefficients not 
corrected for null alleles are presented with null allele adjusted values (Table 7). The 
selfing rate is calculated from null allele adjusted inbreeding coefficients. Each locus in 
each population was tested for Hardy-Weinberg equilibrium and linkage disequilibrium in 
GENEPOP 4.2 (Raymond and Rousset 1995). Pairwise and global Fst values were 
calculated in FreeNA v 1.2 with 100,000 bootstrap replicates. FreeNA takes into account 
the presence of null alleles following the ENA method of Chapuis and Estoup (2007). 
Population structure was estimated using the Bayesian clustering program 
STRUCTURE (Pritchard et. al. 2000), which infers the number of clusters (K) from 
individual genotypes. Ten iterations each of K from 1 through 12 were run in the non-
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admixture model, which assumes individuals to belong to discrete populations, with a 
burn-in of 200,000 and an MCMC of 300,000, following the recommendations of Gilbert 
et al. (Gilbert et. al. 2012). The program InStruct has been developed as a program 
complementary to STRUCTURE, but estimates individual and population rates of self-
fertilization (Gao et. al. 2007), InStruct was run with a burn-in of 200,000 and an MCMC 
of 300,000 for 5 iterations (chains) of K 1 through 10. The optimal value of K is calculated 
in InStruct using the Deviance Information Criterion, which selects the K that provides the 
best fit for the data. Results from STRUCTURE and InStruct were analyzed in STRUCTURE 
HARVESTER (Earl and vonHoldt 2012) according to the Evvano et al., (2005) and Pritchard 
et al.,(200) method, compiled in CLUMP v 1.1.2 (Jakobsson and Rosenberg 2007) and 
visualized in DISTRUCT (Rosenberg 2003).  
 The covariance of allele frequencies between populations was examined using a 
Population Graph (Dyer and Nason 2004), to provide visualization of current or past gene 
flow through a graph theoretical interpretation of genetic structure.  Population Graphs are 
relatively robust against null alleles (R. Dyer, personal comm.) and were examined for 
agreement with the results obtained in STRUCTURE and InStruct. Additionally, the 
relationship between genetic structure and population spatial structure was examined 
through an overlay of the population graph onto a map of population sites. The Population 
Graph was created using gstudio (R v2.13) and popgraph (R v3.10).  
To test whether geographic distance was correlated with genetic distance possibly 
resulting in isolation by distance, a Mantel test was performed against pairwise genetic 
distance (FST, corrected for the presence of null alleles via FreeNA) and pairwise physical 
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distance (Euclidean distance between sample locations) and was calculated with 1000 
permutations in the ecodist package (R v 3.10). In addition a Mantel test was used to 
examine conditional graph distance derived from the Population Graph (Dyer et. al. 2010) 
against Euclidean physical distance.  
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Results 
Fecundity and time to first reproduction 
Nemerteans were maintained in the study conditions for 160 days (5.3 months), 
during which time 2, 381 juveniles were produced by worms in the adult experiment, and 
371 were produced by those in the juvenile experiment (Table 1). Significantly more 
juveniles were produced by worms raised in isolation than worms raised in pairs for the 
adult experiment (treatment effect, linear model, p-value < 0.00001, Table 4). Final size 
was linearly related to juvenile number with a slight positive slope and was a significant 
predictor of juvenile number (p-value = 0.00085; Table 4). The average size of offspring 
produced was inversely related to the total number produced and was a significant 
predictor (p-value < 0.00001; Table 4; Figure 3). The change in size (initial length – final 
length) showed a negative linear relationship with the number of juveniles produced and 
was a significant predictor (p-value = 0.019856; Table 5; Figure 4). The initial size of adult 
worms was significantly correlated with the number of offspring produced (Pearson’s 
correlation = 0.498, p-value = 2.571E-06, df = 78, t = 5.0744). Worms in the juvenile 
treatment did not show a significant difference in the mean number of juveniles produced 
when isolated or paired (t-test, p-value = 0.255).  
Initial length of worms in the adult treatment ranged from 4-13 mm (mean: 7.93 
mm isolated and paired). On average, worms in the adult treatment increased in length by 
0.94 mm (isolated) and 0.90 mm (paired; t-test, p-value = 0.899). However, some 
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individuals showed a comparatively large decrease (- 3.5 mm) or increase (+ 4.75 mm) in 
length by the end of the study period. The mean growth rate for worms in the adult 
experiment was 0.025 mm week
-1
 (isolated; SD: 0.1987) and 0.05 mm week
-1
 (paired; SD: 
0.2338), and was not significantly different (t-test, p-value = 0.84).   
The number of offspring emerging from adults was highly correlated with the 
proportion of worms releasing offspring (Figure 7a, 7b, R
2
=0.85, p-value < 2.2E-16). The 
mean daily proportion of adults releasing offspring was 6.9% (range: 0.83% to 37.5%). 
Offspring emerged at a fairly constant rate during the study, but peaked sharply between 
day 50 and 52, with 137 offspring emerging in three days from 44 (37.5%) of the adult 
worms. The mean size of newly emerged offspring was 2.5 mm, but ranged greatly from 
0.75 mm to 5 mm and differed according to treatment, with isolated worms producing 
offspring ranging in size from 1.25 mm to 4.5 mm, and paired worms between 0.75 mm to 
5 mm. Offspring size distribution showed a right-handed skew with the majority (86.6%) 
of isolated individuals producing offspring between 2-3 mm in size, while only 3% were 4 
mm and greater. Most paired individuals (83.2%) were between 2-3 mm in size, whereas 
2.5% were 4 mm or greater and only 0.2% were 5 mm (3/1371), and these were produced 
by different adult pairs. Isolated worms produced significantly larger offspring on average 
than paired worms (t-test, p-value =0.025).    
The timing of juvenile production was observed to be concurrent for isolated and 
paired worms in the juvenile treatment, with gonads and eggs appearing at week two, eggs 
and embryos at week three, and fully developed offspring emerging after 59 (paired) and 
61 (isolated) days (Figure 5,8). There was no significant difference between the timing of 
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the proportion of worms producing embryos for isolated or paired worms in the juvenile 
treatment (t-tests, p-value >0.05; Table 5; Figure 5). The development of eggs also 
occurred on the same time scale for isolated and paired juveniles and did not differ 
significantly (Table 5). The timing of sperm production was not monitored. Worms in the 
juvenile treatment ranged in size from 1.5-4 mm (mean: 2.57 mm) and grew at an average 
rate of 0.61 mm week
-1
 (paired) and 0.52 mm week
-1
 (isolated) during the first 10 weeks of 
the study period, after which growth leveled off and in some cases decreased (overall mean 
growth rate, isolated = 0.26 mm week
-1
, and paired = 0.28 mm week
-1
, Figure 6). 
Offspring raised from isolated adults (n = 7) and paired adults (n = 10) appeared 
fully viable, did not show a delay to first reproduction, and did not produce significantly 
different numbers of offspring during a 3 month period (t-test, p-value = 0.77).  
Microsatellite identification 
 Enrichment: Four hundred and eighty cloned inserts were isolated and stored for 
amplification of potential microsatellites. Ninety-six were amplified using M13 forward 
and reverse primers. Seventy-nine (82%) of these amplified a single band and all of these 
were subsequently sequenced. Several (23; 29%) did not contain microsatellites or had 
insufficient flanking sequence for primer design. Unique primer pairs were designed for 16 
microsatellites and these were amplified and examined for polymorphism. Amplicons that 
appeared to have non-specific binding or that amplified inconsistently were rejected. Four 
loci were identified from the enrichment method that amplified consistently and were 
variable across populations (Table 6).  
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 Next Generation Sequencing: Illumina MiSeq produced 1.4 million reads, which 
were assembled into contigs and scanned for microsatelites. Scans for microsatellites 
revealed 3,664 putative microsatellites in the velvet contigs and 6,703 in the Genomic 
Workbench (GW) contigs, ranging from mononucleotides to hexonucleotides. Although, 
these counts are likely less than the actual number of microsatellites, as files were saved in 
excel, which limits the number of rows saved to 65,536. Mononucleotide repeats were 
abundant (13%) and were discarded. Trinucleotide repeats were the most common, with 
the repeat ATT occurring the most (20%). The search for binding sites within the data set 
revealed more of the same site found in the velvet assembly (max = 2225) than in the GW 
assembly (max = 254), suggesting that the velvet assembly was more conservative than 
GW. For this reason 32 primer pairs were designed for microsatellites from the velvet 
assembly and 16 were designed from the GW assembly. Twenty-two primer pairs resulted 
in successful amplification (velvet = 15 and GW = 7) with no modifications to the thermal 
cycler parameters or redesign of the primers. Of these, 17 were used to genotype 
individuals from four populations.  Two loci were difficult to genotype possibly because 
they were large (>320 bps) and were excluded from future use, leaving 15 loci. Three 
populations failed to amplify for all loci (Sunset Beach, GA, Amelia, FL, Fort Clinch, FL), 
likely due to low quality DNA (260/280 = 1.4 or less) that persisted even after re-
extraction and thus were excluded from the analyses.  
Mendelian Inheritance: Several loci (locus 13, 14, and G10) did not show 
Mendelian inheritance. Offspring genotyped for Locus 13 and 14 had alleles not present in 
either parent. Locus 13 a unique allele was only found in two offspring from a parent pair, 
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and may be due to genotyping error. Locus G10 was very inconsistent in genotyping and I 
was unable to amplify and genotype the same allele for any individual, adult or offspring. 
Additionally, locus 15 was very difficult to genotype possibly due to its size (372 bp) and 
close proximity to the limits of the MapMarker standard. The remaining loci (locus 1, 2, 3, 
4, 5, 6, 7, 8, 9, 10, 11, 12, E9, H3, D5, E2) appear to exhibit mendelian inheritance, 
although for many parental crosses (44, 65%), the parents were monomorphic (as were 
their offspring) and a test of mendelian inheritance would be more conclusive with parents 
that differ in genotype.   
Genetic Analyses 
 The number of alleles per locus varied from 1 to 9 within populations, with a global 
average of 3.57 alleles per locus (2.52 rarefied alleles, 2.08 effective alleles). Loci were 
polymorphic across populations and no locus was monomorphic for all populations, 
although some were monomorphic within populations. Locus 11 showed the least 
polymorphism, and was monomorphic in 6 out of 9 populations.  Homozygote excess was 
very common in each population and for each locus. Nine out of 17 loci were not in 
Hardy-Weinberg equilibrium across populations (Table 9). The majority of individuals did 
not test significantly for linkage disequilibrium in pairwise comparisons of loci, but 
putatively linked loci were identified in two individuals. Fisher’s exact method for each 
locus pair across all populations did not show any loci to be linked. When not adjusted for 
the presence of null alleles, population level inbreeding coefficients and selfing rates were 
quite high, averaging 0.8619 and 0.8957 respectively. There was greater variation in locus 
specific FIS within populations, ranging from -0.11 to 1.0.  
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Null alleles were detected in every population at every locus and the mean 
estimation of their frequency within populations (across loci) ranged from 0.04 to 0.54 
(Table 8). Accounting for null alleles lowers the estimate of FIS for each population and in 
the case of Edisto Beach, FIS is considerably lowered from 0.79 to 0.31, with a selfing rate 
of 0.88 (indicating primarily selfing) to 0.47 (mixed modal reproduction). The average 
selfing rate (s) within populations across loci accounting for the presence of null alleles 
(mean: 0.80) is still consistent with self-fertilization being the primary mode of 
reproduction, but lies on the line dividing primarily selfing from mixed modal reproduction 
(s between 0.20 and 0.80; 21). 
The results from STRUCTURE and InStruct suggest population substructure exists 
and is shared between some some of the populations examined, while other populations are 
highly discrete. The Evanno et al., (2005) and Pritchard et al., (2000) methods differed in 
their selection of an optimal number of clusters for the STRUCTURE analysis, with a K of 3 
and a K of 6 being chosen, respectively. A K of 3 is presented in Figure 10 and appears to 
be more closely corroborated with the results from our additional estimates of population 
structure. Through the program InStruct, an optimal K of 4 (Figure 11) was selected from 
the Deviance Information Criterion. The results from STRUCTURE and InStruct closely 
mirror each other in the groups to which populations are assigned (Figure 10,11). The 
Population Graph revealed disjointed nodes, with some nodes connected by edges and 
others isolated (Figure 12) and was in agreement with the STRUCTURE and InStruct 
analyses. 
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There was not a significant correlation between geographic distance and graph 
distance (Mantel test, p-value = 0.526; Figure 14), nor was there a significant correlation 
between genetic distance and geographic distance (Mantel test, r = -0.1354, p-value = 
0.580, Figure 15) indicating there is no isolation by distance or isolation by graph distance 
for the sites sampled.  
Corrected global FST averaged 0.11, pairwise estimates ranged from 0.013 to 0.24, 
and ranged from 0.027 to 0.33 per locus, suggesting the time from fixation between 
populations is similar, at the loci examined and levels of differentiation are relatively low 
(Table 8).   
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Discussion 
Fecundity 
 
Isolated individuals of P. americanus produced significantly more offspring than 
paired worms in the adult experiment. Offspring production by isolated individuals is 
likely due to selfing or parthenogenesis, as P. americanus does not possess sperm storage 
structures (Gibson et. al. 1986, personal observations). Additionally, P. americanus 
produces ovotestes observed to contain ripe sperm and eggs concurrently (Figure 2). This 
would allow for easy self-fertilization provided they are not self-incompatible, which we 
have no evidence to suggest (see Thiel and Kruse 2001). Furthermore, steady offspring 
production persisted for the duration of the study, counter to the gradual decrease in 
offspring production as the allosperm store is depleted, seen in sperm storing 
hermaphrodites that are kept in isolation following a mating event (sea hares, Yusa 1996; 
flatworms, Chintala and Kennedy 1993).  It is likely that isolated individuals of P. 
americanus are reproducing through self-fertilization, and this is highly supported by the 
homozygote excess observed in the genotypic assays (discussed below). The reduction in 
offspring production for paired worms compared to isolated worms may be due to 
competition for resources between the two adults (Chintala and Kennedy 1993), or 
possibly due to sperm competition at the cost of egg production per the theory of sex 
allocation in simultaneous hermaphrodites (Charnov 1979). Sex allocation in organisms 
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that express both male and female function with a temporal overlap (simultaneous 
hermaphrodites, monoecious plants) are expected to produce male and female reproductive 
products in a direct trade-off and reproduction is density dependent (Charnov 1979, 
Charnov 1982; Scharer 2009).  
The degree to which paired worms cross-fertilized or self-fertilized is unknown, 
and as mating in this species is cryptic, it can only be examined through molecular 
analyses. However, our results are similar to those of self-compatible basommatophoran 
snails where cross-fertilization requires copulation and individuals presented with mates, 
can either cross-fertilize or self (Escobar et. al. 2007; Escobar et. al. 2011).  
Differences in offspring production for isolated and paired worms is possibly due 
to increased stimulation of isolated worms to lay eggs and/or paired animals reducing the 
resources allocated to reproduction (Chintala and Kennedy 1993). However, our difference 
in mean offspring production was modest (isolated: 21.3, paired: 19.11), and it is unknown 
if this difference would be realized or relevant under natural conditions, where the 
environment is unstable and the food supply less certain. In addition, a significant 
difference in offspring production was not seen in isolated and paired worms in the 
juvenile treatment and while this may be due to the smaller sample sizes and relatively 
shorter time of active reproduction, it highlights that the difference in the adult treatment, 
although, statistically significant, was not that great.  
Timing to first reproduction 
There was not a consistent delay in time to first reproduction between isolated and 
paired worms in the juvenile experiment. This is consistent with isolated worms producing 
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equal if not more offspring than paired worms and suggests that there is no inbreeding 
depression for P. americanus under these study conditions.  Prosorhochmus americanus 
appears to exhibit the evolutionary syndrome uniting high rates of self-fertilization and low 
inbreeding depression (Escobar et. al. 2007), at least when environmental conditions are 
benign. The influence of ecological stressors on the mating system and inbreeding 
depression has been examined in a wide variety of species (Armbruster and Reed 2005). 
Abiotic conditions are recognized as a major contributor to the structure of the mating 
system and can influence the presence of inbreeding depression, although inbreeding 
depression is not necessarily higher under stressful conditions and can vary widely 
between different populations of the same species (Armbruster and Reed 2005). Inbreeding 
in small populations is expected to aid in the purging of deleterious recessive alleles 
(Charlesworth and Willis 2009) reducing inbreeding depression and allowing inbreeding to 
perpetuate throughout the population. In these cases, the advantage to individuals of 
selfing outweighs the potential long-term costs to populations (Charlesworth and Willis 
2009). 
Population genetic variability  
Populations showed relatively low levels of polymorphism with some populations 
monomorphic at more than one locus, despite the relatively high rate of mutation exhibited 
by microsatellites (Guichoux et. al. 2011). Samples collected from Edisto Beach, SC were 
the least variable and were monomorphic at 5 of 17 loci. No population was monomorphic 
across all loci. Some loci were more variable than others, with locus 1, 6, and E9, showing 
the greatest variability (greatest number of alleles) across populations. It is worth noting 
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that sampling error could lead to biased estimates of genetic diversity (Hedrick 1942), and 
our largest samples contained only 10 individuals. Samples for this study were collected 
from more than one area (i.e., adjacent rocks on the same jetty) in each study location, 
when possible. P. americanus may not move over long-distances within their habitat, as 
their activity is limited by the duration of the low-tide and intensity of sunlight (i.e., 
desiccation risk). Low-levels of movement have been documented in other hard-bottom 
intertidal zone nemerteans (Roe 1976; Caplins et. al. 2012). Low levels of movement in 
conjunction with brooded direct developing offspring produced by selfing, predicts that 
gregarious collections of individuals of P. americanus are likely to be closely related and 
have low levels of genetic diversity. Thus, although sampling error may have occurred, 
high levels of selfing are likely the primary driving force behind low within population 
diversity (Trouve et. al. 2003).  
Homozygote excess and the selfing rate 
An excess of homozygosity, in a significant departure from Hardy-Weinberg 
equilibrium, was documented in all populations and for all loci. Homozygote excess in 
microsatellites can be due to genotyping errors (null alleles, partial dominance, low quality 
DNA), or population genetic processes (inbreeding, bottelnecks; Hedrick 1942). The 
program INEst detected null alleles in all 17 loci, which, if un-accounted for, would have 
grossly inflated estimates of FIS and the selfing rate. Regardless, null allele corrected FIS 
values were high, and the selfing rate near 0.8 indicates P. americanus preferentially self-
fertilizes. The selfing rate varied somewhat across populations and for Edisto Beach, SC 
equaled 0.49, suggesting equivalent rates of selfing and outcrossing for those individuals 
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sampled. However, Edisto Beach was a small sample (N = 5), with the lowest level of 
variation across loci, and it is possible that the estimate of null alleles and subsequent 
correction to FIS is high due to sampling error. 
Linkage disequilibrium (LD) can be high in selfing organisms due to hitchhiking 
and background selection (Hedrick 1980). Additionally, selfing reduces effective 
recombination and is expected to increase LD (Hedrick 1942; Charlesworth and Willis 
2009), yet virtually no evidence of LD was found between locus pairs in individuals or 
between populations of P. americanus. A similar pattern was found in wild barley, which 
has a high rate of selfing (0.98), but low levels of intralocus LD and interlocus LD and the 
authors suggest is possibly due to a relatively recent shift from out-crossing to selfing or 
increased recombination rates driven by higher chiasmata frequencies in a selfing species 
(Morrell et. al. 2005). 
Genetic structure 
High levels of self-fertilization and the lack of a dispersal stage in P. americanus 
predict low levels of gene flow among individuals of the same population and among 
populations across their range (Charlesworth and Willis 2009). In situations of low gene 
flow (e.g., when populations are isolated or migration is low) the homogenizing effect of 
gene flow is removed and genetic drift is the driving force of between population 
variability (Hutchison and Templeton 2012). The program STRUCTURE and InStruct found 
some evidence of partitioning of population genetic structure. However, the STRUCTURE 
and InStruct results do not conform to expectations regarding physical distance and genetic 
distance. For example, populations Rudee Inlet, VA and Edisto Beach, SC which are 
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separated by ~747 km (distance along the coast between sites), were grouped into a cluster, 
to the exclusion of four intermediate populations in North Carolina and South Carolina. 
The remaining clusters suggest some admixture between the remaining populations and 
this is supported by the relatively low FST estimates.  
The population graph is congruent with STRUCTURE and InStruct in finding support 
for a connection between Edisto and Rudee Inlet. But makes a finer distinction between the 
remaining populations, connecting Pawleys Island, SC, Murrells Inlet, SC and Oregon 
Inlet, NC. Pawleys Island and Murrells Inlet are close together (12.8 km apart), but Oregon 
Inlet, NC is not (> 400 km from the SC population). Two additional sites that were in close 
physical proximity (separated by 32 km) and apparent genetic proximity were George, FL, 
and Fort Clinch FL. Likewise, we did not find a pattern of isolation by distance (Figure 
14), or isolation by graph distance (Figure 15). Low levels of gene flow between 
populations would result in high differentiation due to drift, mutation, and selection and are 
likely the primary driving force structuring populations of P. americanus (Hedrick 1942). 
Although, there does appear to be an exchange of individuals and/or gene flow for some 
populations (Figure 12). Migration of individuals is likely inconsistent due to the lack of a 
dispersal stage and thus the structure of populations in areas where individuals are 
transported by rafting could be due to multiple founder effects, which would mimic the 
effects of gene flow and confound estimation (Baker and Dyer 2011). 
Dispersal potential 
The number of offspring produced by P. americanus (2,381 from 120 adults) 
shows a high colonization potential, which may be countered by their lack of a planktonic 
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dispersal stage. Given the right conditions, they are able to rapidly increase their 
population size and did so in this study by nearly twenty fold in five months. Population 
expansion is further aided by a relatively short generation time, revealed here to be 
approximately 2 months (from juvenile to juvenile). This is far shorter than that 
documented for other nemerteans. For example, the gonochoric mucous spawning 
nemertean Lineus viridis, which fertilizes internally, produces eggs that take as long as 10 
months to reach maturation, and the reproductive cycle takes a full year to complete 
(vonDohren et al 2011). There is very little additional comparative data on nemertean 
reproduction, and this is in part due to the difficulty of rearing some species under 
laboratory conditions (vonDohren et al 2011), and the difficulty of accurate species 
identification (Sundberg et al 2010).  
A dispersal stage is absent in P. americanus as adults are benthic and larvae direct 
developers. However, adults and recently emerged juveniles are positively buoyant and 
have been observed floating (or caught) in the surface tension of a water-filled dish and 
thus may disperse by floating on surface currents and/or rafting on algae or debris that are 
also caught in surface currents, and nemerteans have been collected from floating masses 
of algae (Highsmith 1985). Additionally, P. americanus may be dispersed over long 
distances on boat bottoms or in ballast water with other members of the fouling 
community. The widespread distribution of P. americanus regardless of the lack of a 
pelagic life-history stage indicates some method of initial dispersal and colonization to 
new habitats must be present. Once found, new habitats could become populated quickly 
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by P. americanus due to their ability to self-fertilize, high fecundity, and short generation 
time.  
Interestingly, direct developing marine invertebrates show more variation in size 
than indirect developers, and show on average a four-fold difference in offspring size 
within species (Marshall and Keough 2007). We documented a sixfold difference in size at 
the extremes 0.75 mm and 5 mm. However, offspring less than 2 mm in size were often 
difficult to rear in isolation and may not be able to capture prey by themselves. Nemerteans 
have been observed to feed gregariously (Thiel and Kruse 2001; Caplins et. al. 2012) and it 
may be that small juveniles are unable to capture and kill prey items without the aid of a 
larger adult nemertean. Variation in offspring size has implications for offspring survival, 
fecundity, dispersal and settlement of larvae (Marshall and Keough 2007) and may thus be 
an important trait on which selection can operate. Herein, we found a significant negative 
correlation between the mean size of offspring and the number produced.   
Conclusions and future directions 
In conclusion, P. americanus does not exhibit an inbreeding depression when 
conditions are favorable (stable food supply and abiotic conditions) and is revealed to 
preferentially self-fertilize. Although, the degree to which selfing occurs varies across 
populations. Occasional outcrossing in self-fertilizing or asexually reproducing organisms 
may act to sustain mean levels of genetic diversity (Green and Noakes 1995). If lineages 
that have selfed for multiple generations outcross, heterosis or hybrid vigor may result, due 
to increased fitness of heterozygous genotypes or deleterious recessive alleles lowering the 
fitness of homozygotes (Charleworth and Willis 2009).  
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The mating system of P. americanus has not yet been fully examined and the 
estimates of selfing rates provided in this study reveal levels of selfing over multiple 
generations. An investigation of parentage in natural populations via a progeny array 
analysis would reveal a single generation selfing rate and may also reveal the average 
number of mates per adult. Furthermore, controlled crossing of individuals from different 
populations, known to differ in genotype is suggested to assess heterosis or outbreeding 
enhancement. Additionally, an examination of fecundity and timing to first reproduction 
under stressful conditions, modeled to more closely reflect the variation present under 
natural conditions is suggested as a productive avenue of research. 
Genetic structure was found across a relatively large spatial scale, but was not 
congruent with the physical distances separating populations. The biology of P. 
americanus suggests that travel over long distances is likely rare and when it occurs is 
dependent either on surface currents and the time it takes rafting material to degrade (e.g., 
plant matter vs. plastic), or on the frequency of boat traffic. In either case, the likelihood of 
an individual being transported hundreds of kilometers and finding at their destination a 
suitable habitat, when that habitat is a hard-bottom environment along a sandy coast 
(where a rock jetty is truly like a needle in a haystack), is probably very low. Therefore, 
examining genetic structure at a finer scale (meters as opposed to km) may prove more 
insightful and may correspond more closely with spatial structure. 
 
 
 
 35 
 
 
 
 36 
 
Results Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Adult Prosorhochmus americanus with proboscis (pr) slightly everted 
containing brooded offspring at varying stages of development. ju: juveniles, eg: eggs  
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Figure 2. Image of egg cell and sperm nuclei taken from a live worm relaxed in MgCl2, 
compssed between a slide and coverslip, and imaged with a compound microscope. The 
sperm nuclei can bee seen lying over and next to the egg nucelus. Sperm nuceli in this 
species are rod-shaped, and easily distinguished from somatic nuclei.  
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Figure 3. Relationship of the number of offspring produced and their mean size 
(length, mm). 
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Figure 4. Relationship of change in length (mm) and the number of offspring produced.  
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Figure 5. Timing of first reproduction for worms in the juvenile treatment showing the 
proportion of individuals containing embryos in the isolated and paired treatments. There 
was no significant difference in the timing of reproduction for worms raised in isolation or 
pairs (t-test, p-value > 0.05). The vertical line marks the emergence of the first offspring. 
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Figure 6. Growth of worms in the juvenile treatment. The dashed vertical line indicates the 
time of first juvenile emergence for both the isolated (day 59, week 8.5) and paired (day 
61, week 8.5) worms.   
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Figure 7.  a) Offspring production for paired and isolated worms in the adult treatment. b) 
Proportion of worms releasing offspring and number of offspring released.  
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Figure 8. Light micrograph of progression of offspring development over a four week 
period. A) Week one. Gonads (go) can be seen developing. B) Week two. Eggs (eg) are 
formed. C) Week three. Embryos (em) start to develop. D) Week four. Embryos and 
juveniles (ju) are observed 
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Figure 9. Sample locations. Samples were collected from rock jetties and rock groins at 
the above locations May - July 2012. 
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Figure 10. Structure results from the no-admixture model. A K of 3 was selected as 
optimal.The three colors shown in the plot correspond to the number of optimal clusters 
(K).  
 
 
 
 
 
 
 
 
Figure 11. InStruct results. A K of 4 was selected as optimal from DIC. The clustering is 
very similar to the STRUCTURE results. The four colors shown in the plot correspond to the 
number of clusters (K). 
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Figure 12. Population graph of nine populations genotyped for 17 microsatelite loci. 
Differences in node size are reflective of within population genetic variability and the 
length of edges connecting nodes indicate between population genetic variation. Note that 
the populations connected by edges are similar to those grouped by STRUCTURE and 
InStruct. 
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Figure 13. Overlay of population graph onto map of site location. Populations connected 
by an edge in the poplation graph are connected by a red line here. Sites Rudee Inlet and 
Edisto Beach are closer in graph distance than expected given their spatial distance. The 
same can be said about Oregon Inlet which is connected to Pawleys Island and Murrells 
Inlet. The connection between Fort Clinch and George fits the expectations of some 
congruence between spatial and genetic distances.  
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Figure 14. Plot of graph distance against physical distance to examine isolation by graph 
distance, which was not statistically significant (Mantel test, p-value = 0.772).  
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  Figure 15. Relationship between physical distance and genetic distance (pFST), shows a 
very slight positive relationship. However, there was no statistically significant evidence of 
isolation by distance (Mantel test, r = -0.13, p-value = 0.526).    
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Table 1. Sample sites, number of individuals genotyped, and coordinates 
Site Name Samples Latitude Longitude 
Rudee Inlet, VA 80 36.95288889 -76.11480556 
Oregon Inlet, NC 10 35.78 -75.53 
Edisto Beach, SC 5 32.52941667 -80.41047222 
Sullivans Island, SC 4 32.82097222 -79.94 
Murrells Inlet, SC 10 33.530413 -79.02895 
Pawleys Island, SC 10 33.49655556 -79.18358333 
Tybee, GA 7 32.09125 -80.91630556 
Fort Clinch, FL 10 30.71436111 -81.5065 
George, FL 10 30.44777778 -81.42480556 
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Table 2. Data Summary for worms in the adult experiment. A significant difference was 
found for the values in bold (linear model, p-value = 1.24E-06) 
Offspring 
production Min. Median Mean Max SD N Total 
Paired 20 33 34.45 52 6.8835 80 1529 
Paired/2 11.5 18.5 19.11 28 3.59039 40 764.5 
Isolated 15 21 21.3 29 3.83773 40 *852 
Initial size (mm) Min. Median Mean Max SD   
Paired 4 7.5 7.875 13 1.341581 
 
 
Isolated 5.5 8 7.962 11 1.910665 
 
 
Final size (mm) Min. Median Mean Max SD 
 
 
Paired 5 8.875 8.862 10.75 0.926722 
 
 
Isolated 5 8 8.312 10 1.02961 
 
 
Change in size 
(mm) Min. Median Mean Max SD 
 
 
Paired -3 0.875 0.90 4.75 1.602082 
 
 
Isolated -3.5 1 0.9438 3.5 1.498027 
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Table 3. Data summary for juvenile experiment. No significant differences were found 
between paired or isolated worms in this experiment. 
Offspring 
production Min. Median Mean Max SD N Total 
Paired 12 16 17.7857 26 3.533979 28 249 
Paired/2 6 8.5 8.893 13 1.76699 14 124.5 
Isolated 4 9 8.714 12 2.334641 14 122 
Initial size (mm) Min. Median Mean Max SD 
 
 
Paired 1.75 2.5 2.848 4.25 0.75028 
 
 
Isolated 1.5 2.75 2.643 4 0.74494 
 
 
Final size (mm) Min. Median Mean Max SD 
 
 
Paired 6.75 8.5 8.464 9.75 0.80776  
Isolated 7 8 8.212 9.5 0.9233   
Change in size 
(mm) Min. Median Mean Max SD 
 
 
Paired 3.5 6 5.616 7 1.2311 
 
 
Isolated 3.5 5 5.481 7.5 1.4011 
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Table 4.Linear model examining the relationship between the number of offspring 
produced and the final adult size, mean offspring size, change in adult size, and the 
treatment (isolated or paired). 
Model Fit 
   Multiple R2 0.4328 
   Adjusted R2 0.4025 
   Residual Std. Error 0.01662 
   Mean of response 20.2062 
   No. of observations 80 
 
  
  Parameter Estimates       
 
Estimate 
Std. 
Error 
t-value 
Pr(>|t|) 
  
(Intercept) 0.162901 0.026091 6.244 2.34E-08 
 
Final size -0.0068 0.001958 -3.475 8.53E-04 
 Mean offspring size 0.042573 0.008755 4.863 6.22E-06 
 
Change in size 0.003082 0.001295 2.38 0.019856 
 Treatment:Paired 0.02126 0.004031 5.274 1.24E-06 
 Analysis of Variance Table         
 
Df Sum Sq Mean Sq F value Pr(>F) 
Final size 1 0.000488 0.000488 1.7647 1.88E-01 
Mean offspring 
size 
1 0.005809 0.005809 21.0299 1.77E-05 
Change in size 1 0.001826 0.001826 6.6085 0.01213 
treatment 1 0.007685 0.007685 27.8194 1.24E-06 
Residuals 75 0.020718 0.000276 
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Table 5. a) Proportion of worms containing eggs during weeks 1 through 9 for worms in 
the juvenile experiment. There was no significant difference between the timing of first 
reproduction for isolated and paired worms. b) Proportion of worms containing embryos 
for weeks one through nine of the juvenile experiment. For one time point there was a 
significant difference 
A) Week 1 2 3 4 5 6 7 8 9 
Isolated 0 0.143 0.357 0.429 0.929 0.929 0.929 0.929 1 
Paired 0 0.071 0.429 0.607 0.893 0.964 0.964 1 1 
Pr(>|t|) NA 0.168 0.509 0.083 0.468 0.689 1 0.322 NA 
B) Week 1 2 3 4 5 6 7 8 9 
Isolated 0 0 0 0.143 0.5 0.929 0.929 0.929 0.926 
Paired 0 0 0.107 0.25 0.536 0.786 0.929 0.964 1 
Pr(>|t|) NA NA 0.213 0.185 0.093 0.591 1 0.322 0.322 
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name amplicon 
size (bp) 
repeat Forward Primer Reverse Primer 
Tagged 
primer 
CAG-tag and first 5bp of tagged 
primer 
E2 157 (GAT)^5 GCCCTTGTTTAAGGCCTAGC GCAGAATCCTTTCCGTGGTC R CAGTCGGGCGTCATCATCCGC 
H3 124 (GT)^6 CAGCCAACCGATACCTATG GGGAATTGGATCTTACTCTCAG F CAGTCGGGCGTCATCAGGGAA 
D5 210 (GAT)^14 CGGTGGTAACATTTTAGAGTAAGAGCAACC GGGGCACCAAACGAAGAAGTCTC R CAGTCGGGCGTCATCAGGGGC 
E9 341 (ATGT)^5 GTCCTGCCCGCGTCTTTG CCATTCCTTCCATATACCC F CAGTCGGGCGTCATCATTCCTT 
Locus 1 151 (AATC)^10 GCGACACACCTAAGTGACC TGGATGGAATGTGCCAGGG F CAGTCGGGCGTCATCAGCGAC 
Locus 2 158 (CTT)^6 TCATTTCTCAGTTGAACATGGTG ACCTTGCGTATTAACAAAGCC R CAGTCGGGCGTCATCATAATG 
Locus 3 171 (ACGG)^5 GCGGGCTTAACTCAACGAC GGAACGAATGATCTCAGAAGTGG R CAGTCGGGCGTCATCAGGTGT 
Locus 4 229 (GAT)^9 TTGGGTGGCGTGGTACAAG TTTCACGCAGTGGACCTTC F CAGTCGGGCGTCATCAGATGA 
Locus 5 154 (ACTT)^4 AATACGAGGTTGGTATGGATAAAC TAATGAACTAGCGGGCTCC R CAGTCGGGCGTCATCACCTTG 
Locus 6 158 (AAC)^4 GATGACGCAAGAACGACCC TTATGGTTGCTGAGTAATGCC F CAGTCGGGCGTCATCATAGGC 
Locus 7 161 (ATGT)^6 TAGGCAGCTAGACGCGTTG CGCTTGGTGTAACGGTGC F CAGTCGGGCGTCATCATCGCA 
Locus 8 187 (AAG)^4 AAGAATCGCTCACCGCAAC AATCGTCCGCTTCCCAAAC R CAGTCGGGCGTCATCAGGCTA 
Locus 9 155 (AATC)^4 CGGCGCTGACCTAAGAATG GGTGTCCGGTCTTATGGTTTC F CAGTCGGGCGTCATCAGCGGG 
Locus 10 163 (AAATC)^5 TCGCAGTGCTATGTAGGTC CTTACGCGCTCAGACAAGG F CAGTCGGGCGTCATCAAGAAT 
Locus 11 165 (GAATT)^5 AGTATCAAACATCCGAGCATTTC GGCTATCGTAAGAAGTCGGC F CAGTCGGGCGTCATCAAATCT 
Locus 12 300 (GAATT)^5 AGGAAACACCACTTCATGCTC GGCCACGATATACTGGAACG F CAGTCGGGCGTCATCATTGGG 
Locus 13 210 (GT)^17 TCAAATCTCTATGGCATTTCGG ACTCAGGTGGTGCGTTAGC F CAGTCGGGCGTCATCAGGAAA 
Locus 14 335 (ATC)^14 TGGTGACTGTTAAATCCGTGAG TCATGTCTTCCGCATGAACG R CAGTCGGGCGTCATCATGTCTT 
Locus 15 372 (CGT)^5 TCCTAGGCAACCAAGACGC AGAAACCGCCCACCAAGTC F CAGTCGGGCGTCATCATCCTAG 
Table 6. Microsatellite locus names, repeat and repeat size, and primer sequence. The first four microsatellites (italicized) were developed through 
enrichment. Locus 1 through 15 were developed from next generation sequence data. Locus 1 through 11 were assembled in velvet. Locus 12 through 15 were 
assembled in CLCBio (bold). F or R under “tagged primer” indicates which primer (Forward or Reverse) was tagged, respectively 
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Table 7. Summary statistics for microsatellite data. Where N is the number of individuals,  
n is the average number of individuals genotyped, A is the rarefied number of alleles. Ho 
and He is the observed and expected heterozygosity, respectively. FIS is calculated 
uncorrected for null alleles.  FIS,IIM  is the inbreeding coefficient corrected for null alleles 
according to the individual inbreeding model implemented in INEst. The selfing rate (s) is 
calculated from FIS,IIM . The mean frequency of null alleles is given. All values are 
summarized by the mean. 
Population N n A 
Null allele 
freq. (mean) 
Ho He FIS FIS,IIM s 
Rudee Inlet, VA 10 9.76 3.06 0.09 0.08 0.41 0.81 0.70 0.82 
Oregon Inlet, NC 10 8.41 4.35 0.09 0.10 0.54 0.82 0.72 0.84 
Murrells Inlet, SC 10 9.12 4.35 0.09 0.10 0.55 0.81 0.72 0.84 
Pawleys Island, SC 10 8 4.71 0.09 0.11 0.63 0.82 0.74 0.85 
Sullivans Island, SC 4 3.65 2.47 0.47 0.06 0.55 0.88 0.64 0.78 
Edisto Beach, SC 5 4.53 2.29 0.21 0.08 0.39 0.79 0.31 0.47 
Tybee, GA 7 4.94 3.63 0.12 0.06 0.74 0.92 0.82 0.90 
Fort Clinch, FL 10 8.82 3.82 0.10 0.11 0.55 0.79 0.69 0.82 
George, FL 10 7.41 3.71 0.10 0.06 0.59 0.89 0.81 0.89 
Mean 8.44 7.18 3.60 0.15 0.09 0.55 0.84 0.68 0.80 
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Table 8. Per locus estimates of Fst corrected and uncorrected using the ENA method 
accounting for the presence of null alleles. FST values are summarized by the mean and 
standard deviation. 
Locus FST ENA corrected FST 
E9 0.044151 0.040886 
H3  0.154716 0.262703 
E2  0.004229 0.147065 
D5  0.207052 0.097404 
Locus 1 0.079568 0.054734 
Locus 2 0.046055 0.05699 
Locus 3 0.189171 0.211304 
Locus 4 -0.02447 0.054223 
Locus 5 0.103949 0.06546 
Locus 6 0.120909 0.120752 
Locus 7 0.224445 0.242277 
Locus 8 0.108502 0.068683 
Locus 9 -0.0023 0.027589 
Locus 10 0.002833 0.015155 
Locus 11 0.201895 0.328153 
Locus 12 0.035719 0.161162 
Locus 13 0.053602 0.051326 
Mean 0.091178 0.117992 
SD 0.080924 0.093046 
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Table 9. Summary statistics for microsatellites showing the number of individuals 
genotyped (N), the number of alleles per locus (Na), the rarefied number of alleles per 
locus (A), observed heterozygosity (Ho), expected heterozygosity (He), the inbreeding 
coefficient (FIS), and the rate of self-fertlization (s), and the p-value for a test of HWE. FIS 
and s are not corrected for null alleles in this table. Data is summarized for each locus 
within each population. Values in bold indicate departure from Hardy-Weinberg 
proportions 
Locus 
Rudee 
Inlet, VA 
Oregon 
Inlet, NC 
Murrels 
inlet, SC 
Pawleys 
island, SC 
Edisto,SC 
Sullivans 
Island, SC 
Tybee, GA 
Fort 
Clinch,FL 
George, 
FL 
Mean SD 
E9 
           
N 10 9 10 7 5 3 5 9 7 8.44 2.46 
Na 2 9 8 6 3 4 5 4 5 5.11 2.26 
A 1.93 4.15 4.21 3.79 2.44 3.14 3.36 2.84 3.56 3.27 0.77 
Ho 0.1 0.67 0.4 0.14 0.4 0.33 0.2 0.33 0.29 0.32 0.17 
He 0.46 0.84 0.85 0.81 0.56 0.72 0.74 0.65 0.78 0.71 0.13 
FIS 0.78 1 0.53 0.82 0.29 0.54 0.73 0.49 0.63 0.65 0.21 
s 0.88 1 0.69 0.90 0.44 0.70 0.84 0.65 0.77 0.77 0.17 
HWE 
         
0.06 0.09 
H3 
           
N 10 7 8 7 5 4 3 10 9 8.44 2.46 
Na 1 2 3 4 3 4 3 2 4 2.89 1.05 
A 1 1.34 2.26 2.59 2.21 3.11 2.72 1.29 2.77 2.14 0.76 
Ho 0 0.14 0.13 0.14 0.2 0.25 0 0.1 0 0.11 0.09 
He 0 0.13 0.55 0.54 0.46 0.72 0.67 0.1 0.62 0.42 0.27 
FIS 1 1 0.78 0.74 0.57 0.65 1 -0.05 1 0.74 0.34 
s 1 1 0.87 0.85 0.72 0.79 1 -0.11 1 0.79 0.35 
HWE 
         
0.12 0.23 
D5 
           
N 9 8 6 7 4 3 3 10 6 8.44 2.46 
Na 4 2 3 3 1 2 3 7 4 3.22 1.72 
A 2.57 1.53 2.34 2.17 1 1.92 2.74 3.96 2.97 2.36 0.86 
Ho 0 0 0 0 0 0 0 0 0 0 0 
He 0.52 0.22 0.5 0.45 0 0.44 0.67 0.82 0.67 0.48 0.25 
FIS 1 1 1 1 1 1 1 1 1 1 0 
s 1 1 1 1 1 1 1 1 1 1 0 
HWE 
         
0.11 0.22 
E2 
           
N 10 8 9 7 5 4 5 10 10 8.44 2.46 
Na 1 2 4 2 1 2 3 3 4 2.44 1.13 
A 1 1.41 2.56 1.70 1 1.88 2.37 1.86 2.38 1.80 0.58 
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Ho 0 0.13 0.11 0 0 0 0.2 0.3 0.3 0.12 0.13 
He 0 0.12 0.45 0.25 0 0.38 0.46 0.30 0.41 0.26 0.18 
FIS 1 1 0.75 1 1 1 0.57 -0.02 0.27 0.73 0.38 
s 1 1 0.86 1 1 1 0.72 -0.03 0.42 0.77 0.36 
HWE 
         
0.17 0.32 
Locus 1 
          
N 10 7 10 7 5 4 6 9 8 8.44 2.46 
Na 6 4 9 6 3 4 4 3 6 5.00 1.94 
A 3.89 3.06 4.88 4.49 2.68 3.25 3.47 2.35 4.22 3.59 0.85 
Ho 0.1 0.14 0.3 0 0 0.5 0 0.22 0 0.14 0.17 
He 0.75 0.64 0.84 0.82 0.56 0.69 0.72 0.54 0.78 0.70 0.11 
FIS 0.87 0.78 0.64 1 1 0.27 1 0.59 1 0.79 0.24 
s 0.93 0.88 0.78 1 1 0.43 1 0.74 1 0.86 0.18 
HWE 
         
0.03 0.08 
Locus 2 
          
N 10 8 10 9 2 4 4 6 6 8.44 2.46 
Na 3 1 3 5 1 2 4 1 3 2.56 1.42 
A 1.67 1 1.68 1.97 1 1.67 2.71 1 2.01 1.64 0.57 
Ho 0 0 0 0.22 0 0 0 0 0 0.02 0.07 
He 0.34 0 0.34 0.46 0 0.38 0.75 0 0.5 0.31 0.26 
FIS 1 1 1 0.52 1 1 1 1 1 0.95 0.16 
s 1 1 1 0.68 1 1 1 1 1 0.97 0.11 
HWE 
         
0.02 0.05 
Locus 3 
          
N 10 10 10 10 4 4 6 10 6 8.44 2.46 
Na 2 1 3 4 2 2 4 3 2 2.56 1.01 
A 1.98 1 1.92 3.09 1.91 1.88 3.34 2.49 1.75 2.15 0.72 
Ho 0 0 0.1 0 0 0 0 0 0 0.01 0.03 
He 0.48 0 0.27 0.64 0.37 0.38 0.67 0.54 0.28 0.40 0.21 
FIS 1 1 0.62 1 1 1 1 1 1 0.96 0.13 
s 1 1 0.77 1 1 1 1 1 1 0.97 0.08 
HWE 
         
0.05 0.06 
Locus 4 
          
N 10 9 10 6 4 4 2 8 4 8.44 2.46 
Na 6 5 2 3 2 2 2 4 3 3.22 1.48 
A 2.67 2.49 1.36 2.02 1.66 1.68 1.87 2.23 1.99 1.99 0.41 
Ho 0 0 0 0 0 0 0 0 0 0 0 
He 0.70 0.64 0.18 0.50 0.38 0.04 0.50 0.66 0.49 0.45 0.22 
FIS 1 1 1 1 1 1 1 1 1 1 0 
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s 1 1 1 1 1 1 1 1 1 1 0 
HWE 
         
0.08 0.11 
Locus 5 
          
N 9 8 8 8 4 4 7 8 7 8.44 2.46 
Na 2 7 4 4 2 3 4 4 3 3.67 1.50 
A 1.59 4.80 3.43 3.03 1.99 2.80 3.10 3.22 2.61 2.95 0.91 
Ho 0 0 0 0.13 0 0 0 0 0 0.01 0.04 
He 0.20 0.84 0.72 0.65 0.50 0.63 0.61 0.66 0.57 0.60 0.18 
FIS 1 1 1 0.81 1 1 1 1 1 0.98 0.06 
s 1 1 1 0.89 1 1 1 1 1 0.99 0.04 
HWE 
         
0.02 0.03 
Locus 6 
          
N 10 9 10 9 5 3 6 8 8 8.44 2.46 
Na 5 7 7 9 3 2 5 7 5 5.56 2.19 
A 2.70 3.16 3.76 3.48 1.91 1.91 3.35 3.35 3.42 3.01 0.68 
Ho 0.4 0.25 0 0.44 0.4 0 0.17 0.38 0 0.23 0.19 
He 0.59 0.77 0.78 0.72 0.34 0.44 0.74 0.70 0.75 0.65 0.16 
FIS 0.32 1 1 0.38 -0.18 1 0.77 0.47 1 0.64 0.42 
s 0.48 1 1 0.55 -0.43 1 0.87 0.64 1 0.68 0.47 
HWE 
         
0.03 0.04 
Locus 7 
          
N 10 8 9 8 5 3 6 10 8 8.44 2.46 
Na 1 7 3 5 3 2 3 4 5 3.67 1.80 
A 1 3.58 2.46 3.57 2.51 1.89 2.57 3.16 3.39 2.68 0.86 
Ho 0 0.25 0 0 0 0 0.17 0.2 0.25 0.09 0.12 
He 0 0.77 0.59 0.78 0.56 0.44 0.63 0.73 0.75 0.58 0.25 
FIS 1 1 1 1 1 1 0.73 0.72 0.67 0.90 0.15 
s 1 1 1 1 1 1 0.85 0.84 0.80 0.94 0.09 
HWE 
         
0.17 0.03 
Locus 8 
          
N 9 7 7 7 4 4 5 7 4 8.44 2.46 
Na 2 5 2 8 2 3 3 3 2 3.33 2.00 
A 1.60 3.96 1.71 5.11 1.99 2.76 2.69 2.68 1.99 2.72 1.15 
Ho 0 0 0 0.14 0 0 0 0 0 0.02 0.05 
He 0.19 0.78 0.25 0.87 0.5 0.63 0.56 0.61 0.5 0.54 0.22 
FIS 1 1 1 0.84 1 1 1 1 1 0.98 0.05 
s 1 1 1 0.91 1 1 1 1 1 0.99 0.03 
HWE 
         
0.04 0.11 
Locus 9 
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N 10 10 10 10 5 4 5 10 9 8.44 2.46 
Na 3 6 7 6 3 2 3 4 6 4.44 1.81 
A 2.44 3.96 3.90 4.06 2.68 1.99 2.79 2.76 4.06 3.18 0.81 
Ho 0.4 0 0.2 0 0 0 0 0 0.11 0.08 0.14 
He 0.46 0.7 0.7 0.76 0.56 0.5 0.64 0.48 0.76 0.62 0.12 
FIS 0.13 1 0.71 1 1 1 1 1 0.85 0.86 0.29 
s 0.23 1 0.83 1 1 1 1 1 0.92 0.89 0.25 
HWE 
         
0.02 0.03 
Locus 10 
          
N 9 7 8 7 5 2 0 8 7 7.67 3.74 
Na 4 5 5 6 4 2 0 6 5 4.11 1.97 
A 2.57 2.86 2.71 3.05 2.65 1.89 0 2.91 2.79 2.38 0.95 
Ho 0 0 0 0 0 0 0 0 0.14 0.02 0.05 
He 0.69 0.78 0.75 0.76 0.72 0.50 0 0.78 0.77 0.64 0.26 
FIS 1 1 1 1 1 1 0 1 0.81 0.98 0.06 
s 1 1 1 1 1 1 0 1 0.89 0.99 0.03 
HWE 
         
0.04 0.04 
Locus 11 
          
N 10 10 10 9 5 4 6 10 8 8.44 2.46 
Na 2 1 1 2 1 1 5 1 1 1.67 1.32 
A 1.56 1 1 1.59 1 1 4.02 1 1 1.46 0.99 
Ho 0 0 0 0 0 0 0 0 0 0 0 
He 0.18 0 0 0.19 0 0 0.78 0 0 0.13 0.26 
FIS 1 1 1 1 1 1 1 1 1 1 0 
s 1 1 1 1 1 1 1 1 1 1 0 
HWE 
         
0.01 0.11 
Locus 12 
          
N 10 8 10 9 5 4 6 7 6 8.44 2.46 
Na 3 5 3 3 1 1 4 4 2 2.89 1.36 
A 2.13 3.61 2.14 1.74 1 1 3.29 3.31 1.76 2.22 0.98 
Ho 0 0 0 0.11 0 0 0 0 0 0.01 0.04 
He 0.34 0.69 0.34 0.20 0 0 0.67 0.69 0.28 0.36 0.28 
FIS 1 1 1 0.46 1 1 1 1 1 0.94 0.18 
s 1 1 1 0.63 1 1 1 1 1 0.96 0.13 
HWE 
         
0.02 0.33 
Locus 13 
          
N 10 10 10 9 5 4 4 10 8 8.44 2.45 
Na 5 5 7 4 4 4 3 5 3 4.44 1.23 
A 3.59 3.75 3.90 2.90 2.72 3.61 2.87 3.28 2.31 3.21 0.54 
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Ho 0.3 0.1 0.5 0.56 0.4 0 0.25 0.4 0 0.28 0.21 
He 0.71 0.75 0.70 0.64 0.48 0.75 0.66 0.66 0.41 0.64 0.12 
FIS 0.57 0.87 0.29 0.13 0.17 1 0.62 0.39 1 0.56 0.34 
s 0.73 0.93 0.44 0.23 0.29 1 0.77 0.57 1 0.66 0.29 
HWE 
         
0.06 0.06 
Mean 
          
Na 3.06 4.35 4.35 4.71 2.29 2.47 3.41 3.82 3.71 3.58 1.60 
A 2.11 2.74 2.72 2.96 1.90 2.20 2.78 2.57 2.65 2.51 0.78 
Ho 0.08 0.09 0.10 0.11 0.08 0.06 0.06 0.11 0.06 0.09 0.08 
He 0.39 0.51 0.52 0.59 0.35 0.45 0.61 0.52 0.55 0.5 0.20 
FIS 0.86 0.98 0.84 0.80 0.81 0.91 0.91 0.74 0.89 0.86 0.17 
s 0.90 0.99 0.89 0.86 0.82 0.94 0.94 0.78 0.93 0.9 0.15 
HWE 
         
0.06 0.10 
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